The alloy Zr 65 Al 7.5 Ni 10 Cu 7.3 Fe 0.2 Ag 10 in the amorphous and icosahedral states, and the bulk amorphous alloy Zr 65 Al 7.5 Ni 10 Cu 7.5 Ag 10 , have been studied with 57 Fe Mössbauer spectroscopy, electrical resistance and magnetoresistance techniques. The average quadrupole splitting in both alloys decreases with temperature as T 3/2 . The average quadrupole splitting in the icosahedral alloy is the largest ever reported for a metallic system. The lattice vibrations of the Fe atoms in the amorphous and icosahedral alloys are well described by a simple Debye model, with the characteristic Mössbauer temperatures of 379(29) and 439(28) K, respectively. Amorphous alloys Zr 65 Al 7.5 Ni 10 Cu 7.5 Ag 10 and Zr 65 Al 7.5 Ni 10 Cu 7.3 Fe 0.2 Ag 10 have been found to be superconducting with the transition temperature, T c , of about 1.7 K. The magnitude of T c and the critical field slope at T c are in agreement with previous work on Zr-based amorphous superconductors, while the low-temperature normal state resistivity is larger than typical results for binary and ternary Zr-based alloys. The resistivity of icosahedral Zr 65 Al 7.5 Ni 10 Cu 7.3 Fe 0.2 Ag 10 is larger than that for the amorphous ribbon of the same composition, as inferred both from direct measurements on the ribbons and from the observed magnetoresistance. However the icosahedral sample is non-superconducting in the measurement range down to 1.5 K. The results for the resistivity and the superconducting T c both suggest a stronger electronic disorder in the icosahedral phase than in the amorphous phase.
Introduction
Icosahedral (i) alloys can be produced by various processes [1] . One of them is through crystallization of a corresponding amorphous (a) phase. This process was used to produce i alloys in a few systems: Pd-U-Si [2] , Al-Mn-Si [3, 4] , Al-Cu-V [4, 5] , Ti-Zr-Ni [6] and Ti-Ni-Cu-Si [7] . The studies of these systems revealed the presence of unusual physical properties associated with the quasiperiodic structure of these i alloys [8] . More recently, i alloys have been discovered via crystallization of an a phase in several Zr-based systems: Zr-Pd [9, 10] , Hf-Pd [11] , Zr-Pd-M (M = Fe, Co, Ni, Cu) [10, 12, 13] , Zr-M (M = Pt, Au)-Ni [13] , Zr-Cu-Al [14, 15] and Zr-Cu-Ti-Ni [16] .
Amorphous alloys (glasses) are generally produced from an undercooled liquid state by rapid quenching techniques or quasi-statically at slow cooling [17] . The latter technique has recently led to the development of multicomponent a alloys (bulk a alloys) with large glass forming ability and a wide supercooled liquid region before crystallization [18] . Very recently, i phases have been found via devitrification of such bulk a alloys in the quaternary Zr-CuNi-Al [14, 19] , Zr-M (M = Pd, Pt, Au)-Ni-Al [20] and Hf-Cu-Ni-Al [21] and penternary Zr-Cu-Ni-Al-M (M = Ti, V, Nb, Pd, Ag, Ta, Ir, Pt, Au) [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , Zr-Be-Ni-Ti-Cu [35] and Hf-Cu-Ni-Al-M (M = Ti, Pd) systems [34, 36, 37] . Surprisingly, no studies of the physical properties of these new Zr-and Hf-based i alloys have been reported.
In this paper, we report on the studies of a and i penternary alloys Zr-Al-Ni-Cu-Ag of the same composition with Mössbauer spectroscopy, electrical resistance and magnetoresistance techniques.
Experimental procedure
An alloy of nominal composition Zr 65 Ni 10 Ag 10 Cu 7.3 Fe 0.2 Al 7.5 was prepared by arc melting in an argon atmosphere of high-purity elemental constituents; the Fe metal used was enriched to 95.9% in the 57 Fe isotope. The Fe atoms are believed to substitute on the Cu sites due to the closeness of the metallic radii of Cu (1.28 Å) and Fe (1.27 Å). Amorphous ribbons were prepared by melt spinning in an argon atmosphere. They were about 3 cm long, 1 mm wide and 20 µm thick. The differential scanning calorimetry (DSC) measurements at a heating rate of 0.67 K s −1 were performed to study the thermal behaviour of the alloy. An isothermal anneal of the a ribbons was carried out at 570 K for 15 min in a quartz tube evacuated to a vacuum of about 10 −5 Torr. This resulted in the appearance of nanoscale spherical i precipitates. X-ray diffraction (XRD) was performed on the as-spun and annealed samples using Cu Kα radiation in the 2 -configuration. The diffractometer was calibrated with Si (National Institute of Standards and Technology reference material 640c) as an internal standard. Transmission electron microscopy (TEM) was carried out on the specimens thinned by ion milling using a JEOL JEM-3000F microscope operated at 300 kV. A bulk a alloy of nominal composition Zr 65 Ni 10 Ag 10 Cu 7.5 Al 7.5 in the form of a cylinder with a diameter of 3 mm and length 4 mm was produced by copper mould casting [38] . 57 Fe MS measurements were carried out in the temperature range 77-300 K using a standard Mössbauer spectrometer operating in a sine mode [39] . The spectrometer was calibrated with a 6.35 µm Fe foil, and the spectra were folded. The Mössbauer absorbers of the i and a alloys had the same surface density of 0.043 mg 57 Fe cm −2 . This corresponds to the effective thickness parameter [39] at 299 K of 0.852 and 0.920 (using the values of the absorber Debye-Waller factors, f a and f i , of 0.732 and 0.791 determined below), respectively. As the resulting Mössbauer spectra are due to multiple elementary quadrupole doublets, the effective thickness parameter spreads over them and therefore the absorbers can be regarded as being thin [39] . The positions of the i peaks in (b), which are labelled using the indexing scheme of Bancel et al [40] , are indicated with the vertical lines.
Electrical transport measurements were carried out with a conventional four-probe silver contact dc technique on amorphous and quasicrystalline ribbons with dimensions about 10 × 1× 0.030 mm 3 as well as on the bulk a cylinder of diameter of about 3 mm. The electrical resistance was measured in the temperature range 1.5-300 K. The magnetoresistance was studied in magnetic fields up to 12 T at temperatures in the range up to 12 K in a continuous gas flowing cryostat. Temperature drift during field sweeps was reduced to a few millikelvin using a regulated shielded vacuum space and a high-purity copper sample holder extending into a field-free region above the solenoid. Temperature errors during field scans were therefore negligible.
Results and discussion

Structural characterization
The XRD pattern of the melt-spun Zr 65 Ni 10 Ag 10 Cu 7.3 Fe 0.2 Al 7.5 ribbon is characteristic of an a structure (figure 1(a)) with two broad peaks located at positions characterized by wavenumbers Q (Q = 4π sin /λ, where 2 is the scattering angle and λ is the wavelength of the probing radiation) of 2.557(2) and 4.317(6) Å −1 . The same pattern was also observed for the bulk Zr 65 Ni 10 Ag 10 Cu 7.5 Al 7.5 alloy. The amorphous nature of these two specimens was also corroborated by TEM micrographs and electron diffraction patterns.
The DSC curve of a-Zr 65 Ni 10 Ag 10 Cu 7.3 Fe 0.2 Al 7.5 shows ( figure 2(a) ) that the crystallization proceeds through two exothermic peaks. The onset crystallization temperatures of these peaks are, respectively, 705(1) and 770(1) K. The first peak results from the formation of an i phase and the second peak corresponds to the transformation of the i phase into a crystalline phase [28] [29] [30] . The DSC curve of the Zr 65 Ni 10 Ag 10 Cu 7.3 Fe 0.2 Al 7.5 alloy isothermally annealed at 570 K for 15 min shows ( figure 2(b) ) that the first peak decreased dramatically, which indicates that the annealed sample consists mostly of the i phase.
The XRD pattern of the annealed Zr 65 Ni 10 Ag 10 Cu 7.3 Fe 0.2 Al 7.5 (figure 1(b)) exhibits Bragg peaks which can be indexed to the i structure. The value of the six-dimensional hypercubic lattice constant calculated from the fitted position of the (100 000) peak [40] The two strongest i peaks are superimposed on a wide maximum located at Q = 2.588(7) Å Mössbauer spectra of the amorphous and annealed Zr 65 Al 7.5 Ni 10 Cu 7.3 Fe 0.2 Ag 10 (figure 4) measured in a wide velocity range show patterns due to the presence of only the electric quadrupole interaction; no patterns due to the presence of magnetically ordered Fe-containing second phases are detected.
The structural characterization described above shows that the a samples are in a pure amorphous state, whereas the annealed Zr 65 Al 7.5 Ni 10 Cu 7.3 Fe 0.2 Ag 10 , referred to later as the i alloy, consists largely of the i phase and a residue of the a phase.
Mössbauer spectroscopy
The Mössbauer spectrum of the a alloy consists of a broadened asymmetric doublet (figure 5(a)) which results from the distribution of the quadrupole splittings, P( ). It was fitted with the constrained version [41] of the Hesse-Rübartsch method. An asymmetry of the spectrum was accounted for by assuming a linear relation between the centre shift, δ, and of the elementary Lorentzian doublets with width of 0.230 mm s −1 . A good fit, as judged by the value of χ 2 = 1.15 and by the residuals (figure 5(a)), was obtained for the distribution P( ) shown in figure 5(c). It would be desirable to compare this distribution with the one calculated for a structural model of the Zr-Al-Ni-Cu-Ag glasses. Unfortunately, such a model has not been proposed yet for these new a alloys.
The Mössbauer spectrum of the i alloy ( figure 5(b) ) can be fitted with only two subspectra. The hyperfine parameters and the distribution P( ) of the first subspectrum (figure 5(c)) are very close to those corresponding to the a alloy. This is consistent with the fact that the i sample consists of nanoscale i clusters embedded in the a matrix. The weight fraction of the i phase calculated from the relative area of the subspectrum and the values of f a and f i is 41(4)%. The second subspectrum results from the i phase present in the i sample. Its remarkable feature is the very large value of the average quadrupole splitting,¯ , which is the largest ever observed for any quasicrystalline alloy [42] and, to the best of our knowledge, the largest ever found for any metallic alloy. Such a high value of¯ indicates an unusually asymmetric atomic environment around the Cu atoms in the i phase.
Although there are no structural models for the a-Zr-Al-Ni-Cu-Ag alloys, it has been speculated [28, 31, 32] that the structure of these alloys is an assembly of randomly oriented i clusters, which presumably are also the structural units in i-Zr-Al-Ni-Cu-Ag alloys. The speculation that the a-Zr-Al-Ni-Cu-Ag alloys have a micro-quasicrystalline, rather than truly amorphous structure is based on the observation that the i phase precipitates directly from aZr-Al-Ni-Cu-Ag alloys [28, 31] and on a qualitative comparison between activation energies associated with transformation of the a phase into the i and crystalline phases [32] . The fact that the distribution P( ) corresponding to the i phase is completely different from that corresponding to the a phase ( figure 5(c) ) indicates that the structure of a-Zr-Al-Ni-Cu-Ag alloys cannot be described in terms of a micro-quasicrystalline model.
Distributions P( ) similar to those in figure 5(c) were determined from the fits of the a and i samples measured at other temperatures. The temperature dependence of¯ could be fitted (figure 6) to the empirical equation
where¯ (0) is the value of¯ at 0 K and B is a constant. Such a T 3/2 temperature dependence has been observed in many metallic noncubic crystalline alloys [43] , in some a alloys [44, 45] , and recently in i alloys [45, 46] over temperature ranges from a few kelvins to the melting point. This seemingly universal T 3/2 dependence is not well understood. Its origin seems to be associated with a strong temperature dependence of mean-square lattice displacements and, to a lesser extent, with the temperature dependence of lattice expansion [47] . The values of (0) and B determined from the fits for the a and i phases are respectively 0.6847 (20) The average centre shift at temperature T ,δ(T ), determined from the fits of the spectra of the a and i samples is given bȳ
where δ 0 is the intrinsic isomer shift and δ S O D (T ) is the second-order Doppler (SOD) shift which depends on lattice vibrations of the Fe atoms [39] . In terms of the Debye approximation of the lattice vibrations, δ S O D (T ) is expressed [48] by the characteristic Mössbauer temperature M ( M is distinct from the Debye temperature, D , determined from specific heat measurements, which is based on different weight of the phonon frequency distribution [47] ) as
where M is the mass of the Mössbauer nucleus and c is the speed of light. By fitting the experimental dataδ(T ) (figure 7) to equation (2), the quantities δ 0 and M can be determined. They are −0.1464(35) mm s −1 , 379(29) K and −0.3034(29) mm s −1 , 439(28) K, respectively, for the a and i samples.
The value of δ 0 depends on the s-electron density at the Mössbauer nucleus [39] . The significantly smaller value of δ 0 for the i alloy in comparison with the value for the a alloy indicates that there is a much larger s-electron density in the former than in the latter alloy. This indicates that the electronic properties of the a and i alloys are very different.
Once M is known, the Debye-Waller factor at any temperature can be determined from
where E γ is the energy of the Mössbauer γ -ray transition. The values of f a and f i at 299 K calculated from equation (4) are, respectively, 0.732(36) and 0.791 (24) . This implies that on average the Fe atoms are more firmly bound in the i than in the a alloys.
Resistivity
Electrical transport properties of binary Zr-based a alloys have been extensively studied in the past. Some characteristic properties for Zr-rich a alloys are the following. These alloys are often superconducting with a transition temperature which is a remarkably simple function of the average electron number per atom [49] . The upper critical fields are frequently anomalously enhanced [50] . The temperature derivative of the electrical resistivity at room temperature is proportional to the electron-phonon coupling constant, λ [51] . Quantum interference effects have been convincingly demonstrated at low temperatures in non-superconducting a alloys [52] . Hence one expects these effects to be present also in amorphous superconductors of similar normal state resistivities, although this is more difficult to verify unambigously due to the additional complication of the effects of superconducting fluctuations. The temperature dependences of the electrical resistance of the a ribbon and bulk samples are shown in figure 8 . Due to the uncertain geometrical form factor for the cylindrical sample, this comparison is best performed in terms of normalized resistance. It can be seen (figure 8) that the temperature coefficient of resistivity is negative in both cases, with average values as measured by the resistance ratio R (=ρ(4 K)/ρ(250 K)) of about 1.02 and 1.04 for the bulk and ribbon samples, respectively. Such values are typical for a alloys with resistivities in excess of about 150 µ cm.
Both the bulk and ribbon a samples are superconducting below about 1.7 K, with only small differences in T c between the two samples. The magnitude of T c is in agreement with that expected from the relation between T c and average group number for Zr-based amorphous alloys [49] (counting 11 for Cu, as customary, and three for Al). The small replacement of 0.2 at.% Cu by Fe in the ribbon sample has a negligible effect on this scale. However, the transition width of about 0.8 K for the bulk a sample is considerably larger than the width of below 0.2 K for the ribbon sample. This is probably due to disorder associated with larger compositional fluctuations in the larger and more slowly cooled bulk sample. Figure 9 shows the temperature variation of the resistivity, ρ, for the a and quasicrystalline ribbons down to 1.5 K. ρ is about 280 µ cm at 4 K for the a ribbon, which is significantly larger than the results around 180 µ cm for Zr-based alloys based on two or three elements. Although the structure for the present sample is not known, we can speculate that the shortrange order in a six-component alloy is less well defined, and leads to larger compositional fluctuations and an enhanced resistivity.
ρ of the i alloy is larger than that of the a alloy. Although measurements on melt-spun ribbons tend to overestimate the resistivity due to the surface roughness of melt-spun samples, this error can be expected to have the same sign for both samples in figure 9 . Therefore the observed difference between the samples is probably significant. This is also supported by the results for the magnetoresistance to be described below. A larger resistivity for the i sample is in agreement with the well known result that quasicrystalline order in stable quasicrystals gives larger resistivities than for a samples of similar chemical composition [8] . However, in a recent investigation of a and i phases of samples of the same nominal composition as the present Zr-Al-Ni-Cu-Ag samples, it was found in contrast that ρ at 300 K was insignificantly larger (≈1%) for the i phase than for the a phase [53] .
The low-temperature resistivity is shown in the inset of figure 9 . The i sample is not superconducting in the measurement range down to 1.5 K, nor is there any sign of superconducting fluctuations. Thus if the i phase is superconducing one expects its T c to be well below 1 K. Since the structural investigations indicate that the i phase is embedded in an a matrix of more than 50% of the sample volume, an a phase probably forms a percolating network through the i phase. The absence of superconductivity above 1.5 K in this sample therefore suggests that a proximity effect from the normal i phase depresses T c of the a phase. This seems to be consistent with the structural investigations and the estimates of the coherence length, ξ , of several Zr-based a superconducors of about 5-7 nm [54] . A suppression of T c would then result from a constriction in the percolating paths of the a phase of dimensions below about 10-15 nm.
It can be noted that in Mg 3 Zn 3 Al 2 the superconducting T c is about three times larger for the a phase than for the i phase [55] . In this case the resistivity of the a phase is also larger than in the i phase, in similarity to most observations for i samples at that time, and the larger T c of the a phase was ascribed to increased disorder. It is now realized that increased electronic disorder, as reflected for example in the large resistivities, and in the significant contributions of quantum corrections to electronic transport, is characteristic for a large number of stable i phases [8] . Furthermore, when band structure effects, for example from (further) smearing of the density of states, are negligible, T c is always reduced by disorder [56] . For the present alloys the larger ρ and the smaller T c of the i phase sample are thus both consistent with a larger electronic disorder in the i phase as compared with the a phase.
Magnetoresistivity
The magnetoresistances for the i and a phases are compared in figure 10 as a function of temperature at 12 T, and in figures 11(a) and (b) at several constant temperatures as a function of magnetic field. It was noted previously that the maximum observed magnetoresistance, | ρ/ρ|, is a universal function of the resistivity ρ at 4 K, and roughly follows | ρ/ρ| ∼ ρ 1.3 over several orders of magnitude in ρ and for different non-superconducting materials, such as fcc alloys, a metals, decagonal and i quasicrystals and approximants [57] . From figure 11(a) the maximum ρ/ρ for the i sample is of order 1.3 × 10 −3 , which, according to the relation in [57] , is characteristic for material with ρ (4 K) in the range of 400 (±25)% µ cm. Such a result is in fair agreement with ρ (4 K) for the i sample in figure 9 , and supports our estimate for the resistivity of the i phase.
For the a sample, on the other hand, ρ/ρ at 12 T and 3 K is three times larger than for the i sample (figure 10), in spite of the fact that the resistivity is smaller. This indicates that in addition to quantum interference effects there are further contributions to ρ/ρ due to superconducting fluctuations. The temperature dependence of ρ/ρ in figure 10 , where ρ/ρ falls off much faster with increasing temperature for the a sample, supports this interpretation. At 12 K, i.e. at ∼7T c , superconducting fluctuations are probably mostly quenched, and ρ/ρ for the a sample is smaller than for the i sample as expected from the different resistivities. Unfortunately quantitative comparisons of quantum interference theories for the magnetoresistance of a and i samples do not seem feasible due mainly to the difficulties of handling the fluctuation contributions in the experimental magnetic fields [58] . A few measurements were made on the superconducting samples in a magnetic field in the region of the transition. Although the temperature region available for these measurements, from 1.7 to 1.5 K, is limited, it can nevertheless be concluded that the midpoints of the resistive transitions were similarly depressed for the bulk and ribbon samples, with values of −[d H c2 /dT ] T c for both samples of roughly ∼3 K T −1 . This result is of comparable magnitude to previous observations for a number of Zr-based superconductors with −[dH c2 /dT ] T c ranging from 2.8 to 3.6 K T −1 [54] .
Conclusions
The average quadrupole splitting in both alloys decreases with temperature as T 3/2 . The average quadrupole splitting in the icosahedral alloy is the largest ever reported for a metallic system. The lattice vibrations of the Fe atoms in the amorphous and icosahedral alloys are well described by a simple Debye model, with the characteristic Mössbauer temperatures of 379 (29) and 439(28) K, respectively. Amorphous Zr 65 Al 7.5 Ni 10 Cu 7.5 Ag 10 with and without 0.2 at.% Fe substitution has been found to be superconducting with a T c of about 1.7 K. The magnitude of T c and the critical field slope at T c are in agreement with previous work on Zr-based a superconductors, while the low-temperature normal state resistivity is larger than typical results for binary and ternary Zr-based alloys. The resistivity of i Zr 65 Al 7.5 Ni 10 Cu 7.3 Fe 0.2 Ag 10 is larger than for the a ribbon of the same composition, as inferred both from direct measurements on the ribbons and from the observed magnitude of the magnetoresistance. The i sample was found to be non-superconducting in the measurement range down to 1.5 K. These results thus indicate a depression of superconductivity of the quasicrystal due to (electronic) disorder.
